Previous studies examining the seasonal contrast and spatial structure of the interdecadal variation in the Southern Hemisphere (SH) atmospheric circulation and the relationship between this interdecadal variation and cyclone activity have been extended using the SH data generated by the Australian Bureau of Meteorology for 1972-92. The major findings of this study are the following: 1) In addition to the deepening of the circumpolar trough and the increase of midlatitude sea level pressure (SLP) in winter, a zonal wavenumber 3 pattern appears in the high middle latitudes. During summer, the interdecadal change is dominated by three latitudinal zones of SLP anomalies with negative values in low and high latitudes and positive values in midlatitudes. 2) A zonal wavenumber 3 pattern that develops during the winter persists into early spring, while the three latitudinal SLP anomaly zones that emerge in late spring and early summer continue on through the summer. 3) An enhancement of cyclone activity is associated with the deepening of the SH circumpolar low centers.
Introduction
Van Loon et al. (1993; hereafter VKM) and Hurrell and van Loon (1994; hereafter HVL) recently pioneered the study of interdecadal variation in the annual cycle of the Southern Hemisphere (SH) atmospheric circulation using Australian data compiled for the period 1972-92. VKM showed that the most pronounced interdecadal change in the SH circulation is associated with the asymmetric component at high latitudes of wavenumber 3. They also found that the subantarctic trough in surface pressure deepened and moved northward during 1972-92 while the subtropical ridge strengthened and moved southward. Later, HVL examined local changes in the semiannual cycles of the SH atmospheric circulation. Using station data over the Pacific and Indian Oceans, they also depicted the temporal evolution and spatial structure of the interdecadal changes in the SH atmospheric circulation with difference charts between two decadal-mean fields. HVL found that in the 1980s (compared to the 1970s) the sea level pressure and 500-mb height fell during September-October over the three midlatitude oceans but rose poleward of 60 ЊS. The reverse occurred during November-December in these years.
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In light of these studies, three issues arise regarding the SH interdecadal change. 1) VKM pointed out the significant interdecadal change in the SH wavenumber 3 during the September-October period. In contrast, the interdecadal change during November-December is more zonally symmetric. This contrast suggests that the interdecadal changes of the SH circulation may exhibit different spatial structures during different seasons. 2) The temporal interdecadal variations of sea level pressure at New Amsterdam Island (Fig. 3 of HVL) and Chatham Island (Fig. 4 of HVL) are not synchronous. Likewise, the temporal variations (with a decadal timescale) of sea level pressure and upperair height at centers of the SH interdecadal circulation change shown by HVL (their Figs. 8 and 9) are not always coincident. Thus, the temporal evolution of the spatial structure in the SH circulation interdecadal variation should be examined in a coherent manner over the entire hemisphere.
3) The circumpolar trough contracted and deepened in March and September, but expanded in June and December (van Loon and Rogers 1984) ; HVL argued that the seasonal contraction and expansion of the circumpolar vortex can affect cyclone activity in the southern oceans. This possible connection has not yet been documented.
The primary objective of this study is to investigate these three issues of the SH circulation's interdecadal variation.
Interdecadal variation of the SH atmospheric circulation
The data used in this study were generated by the Australian Bureau of Meteorology for the period 1972-92. A brief outline of the Australian analysis scheme can be found in Karoly and Oort (1987) , and the details of this scheme are referred to Le Marshall et al. (1985) . Since the second half of the 1970 decade, the airborne observations by meteorological satellites have significantly enhanced input data for analysis over the southern oceans. These observations were also improved by the deployment in 1979-80 of the drifting ocean buoys during the first Global GARP Experiment. As pointed out by Le Marshall et al. (1985) , the daily variability in the circumpolar trough is increased by the enhancement of observations over the data-sparse region in the southern oceans. The 12-h forecast fields from the numerical model were blended with climatological data to generate the first-guess fields. Although the Australian operational forecast system has undergone several changes since 1972 (Seaman et al. 1995) , Karoly and Oort (1987) pointed out that low weight is given to the 12-h prognosis in the preparation of the first-guess field. According to Le Marshall et al. (1985) and Karoly (1990) , the basic structure of the Australian analysis scheme was not modified between 1972 and 1987 . The data quality for the long-term climate variation study has been discussed by previous studies (e.g., Swanson and Trenberth 1981; Kidson 1988; VKM; HVL) . They concluded that the sea level pressure and 500-mb height were the most reliable analyzed fields. We focused our analysis on these two levels, with particular emphasis on sea level pressure. We adopted a seven-solstice season runningmean filter to reduce the interannual variation signal. The interdecadal variation mode is denoted by .
(˜) Because the largest changes in the annual variation of the SH circulation occur in September-October and November-December, HVL chose these two time periods to illustrate interdecadal changes in the SH atmospheric circulation between the 1970s and 1980s. In contrast, we examine the two solstice seasons JuneAugust and December-February. The integration of these two studies will be used to illustrate the seasonal variation of the interdecadal variation pattern. The spatio-temporal interdecadal variation of the SH circulation is also depicted by an empirical orthogonal function (EOF) analysis of sea level pressure and 500-mb height.
a. Interdecadal variation
The distinctive features of the SH climatological sea level pressure fields for the solstice seasons (not shown) are (a) a predominant zonality in the southern midlatitudes, (b) three low centers in high latitudes embedded in the circumpolar trough, (c) two ridges, one south of Argentina and one south of New Zealand, and a permanent high located over the Antarctic between the three high-latitude low centers, and (d) oceanic highs in the three southern oceans. During winter, the circumpolar trough deepens and the circumpolar vortex expands. The contrast between the oceanic high pressure and the continental low pressure becomes more pronounced during summer.
We denote the departure of seasonal mean SLP from its multiseason mean as ⌬SLP. The spatial structure of the interdecadal variation in the SH sea level pressure during each season can be inferred from the root-meansquare (rms) of the seven-solstice season running-mean ⌬SLP, RMS(⌬SL P), as shown in Figs. 1b and 1d. In winter (Fig. 1b) , three major centers of RMS(⌬SL P) appear over the three high-latitude low centers. These three high-latitude RMS(⌬SL P) centers reflect VKM's finding that the interdecadal variation of the SH winter circulation is dominated, in high latitudes, by a zonal wavenumber 3 pattern. Located north of the circumpolar trough and east of the midlatitude Pacific trough there is another major RMS(⌬SL P) center. Additionally, two minor RMS(⌬SL P) centers are located adjacent to the ridges of New Zealand and Argentina, and another is situated over the permanent Antarctic high. It was shown by Chen et al. (1992) that the interdecadal variation of the Northern Hemisphere (NH) winter circulation is reflected by a deepening of the major wintertime stationary troughs and by the amplification of the major wintertime stationary ridges. Comparing the SH winter RMS(⌬SL P) centers with the major elements of the SH winter sea level pressure field described previously, we find that the relationship between the major winter stationary troughs/ridges and the interdecadal variation of the winter circulation are similar in the NH and SH.
The spatial structure of summer RMS(⌬SL P) ( Fig.  1d ) is different from its winter counterpart (Fig. 1b) . During summer, three major centers of RMS(⌬SL P) are located at or south of 60ЊS: two are associated with the high-latitude low centers in the south Pacific and south of Africa, and one is adjacent to the permanent Antarctic high. Unlike the winter case, there is no summer RMS(⌬SL P) center over the high-latitude low south of Australia. Two minor RMS(⌬SL P) centers appear in the south Pacific and the southern Indian Ocean around 45Њ-50ЊS. Interestingly, the Indian Ocean RMS(⌬SL P) center is located between two surface low centers (south of Australia and Africa), while the Pacific RMS(⌬SL P) center is situated between two surface high centers (south of Argentina and southeast of New Zealand). A common feature does exist in the SH interdecadal variations of the two solstice seasons, that is, the major interdecadal variations occur in middle and high latitudes.
The temporal evolution of the interdecadal variation cannot be revealed from the RMS(⌬SL P) distribution. Thus, we shall illustrate the temporal evolution in terms of SLP and seven-solstice season running-mean SL P time series at two RMS(⌬SL P) centers (marked with
The winter (June-August) time series of actual SLP (thin solid line) and sevenwinter running-mean SLP over 1972-92; (SL P) (thick dashed line) at two RMS(⌬SL P) centers: site 1 (135ЊW, 75ЊS) and site 2 (120ЊW, 50ЊS). These two locations are marked with thick crosses in (b) the distribution of RMS(⌬SL P), while numerical values are contour labels. Note that RMS(⌬SL P) is the rms value of ⌬SL P, and ⌬SL P ϭ SL P Ϫ SLP, where SLP is the multiwinter (1972-92) mean sea level pressure. The summer (December-February) counterparts of (a) and (b) are shown in (c) and (d), respectively. The summer RMS(⌬SL P) centers selected are site 1 (105ЊW, 70ЊS) and site 2 (60ЊE, 50ЊS). The numerical values along the left (right) ordinate of (a) and (c) are scales of the SLP and SL P time series at site 1 (2). The contour interval of RMS(⌬SL P) in (b) and (d) is 0.25 mb. crosses) for each solstice season. For winter, the SLP (thin-solid line) and SL P (thick dashed line) time series at two major Pacific RMS(⌬SL P) centers are displayed in Fig. 1a : the first associated with the high-latitude low center in the Pacific is designated as site 1 and the second located north of site 1 is designated as site 2. The decreasing trend of SL P at site 1 is typical of the other two high-latitude low centers, while the increasing trend of SL P at site 2 is common to those centered near the Antarctic high and the ridges of New Zealand and Argentina. It is inferred from the contrast between the SL P time series at both locations that the high-latitude low centers deepened in the 1970s and early 1980s, and the midlatitude ridges and the Antarctic high strength-
The eigencoefficient time series of the first ⌬SL P eigenmode, C1(SL P), for (a) southern winter and (c) southern summer, and the corresponding eigenvector, E1(SL P), for (b) southern winter and (d) southern summer. The percentages shown in the upper-right corners of (a) and (c) are the total variance of the SL P field explained by the first eigenmode. The contour interval of E1(SL P) is 1.5 ϫ 10 Ϫ1 .
ened during the 1980s. It is difficult to compare directly the SLP and SL P time series of single point locations in Fig. 1a with VKM's zonally averaged position and intensity of the circumpolar trough and subtropical ridge. However, VKM also reached the same conclusion although their analysis showed an abrupt intensification of the trough and ridge after 1979. For summer, the SL P time series at the high-latitude low centers in the South Pacific and Atlantic decreased over the past two decades in a way similar to that at site 1 (Fig. 1c) . In contrast, as shown by the SL P time series at site 2 (Fig. 1c) , the Antarctic high and the other two RMS(⌬SL P) centers in the southern midlatitudes of the Pacific and Indian Oceans strengthened. As revealed from the RMS(⌬SL P) pattern shown in Figs. 1b and 1d , an interdecadal variation of the SH circulation also occurred in high latitudes. Since the SLP over Antarctica is generated by a downward extrapolation from station data (Le Marshall et al. 1985) , one may question the physical reality of this interdecadal variation. We performed the same analysis shown in Fig. 1 with the 500-mb height, Z(500 mb). The prominent features of the RMS(⌬SL P) distributions and the SL P time series shown in this figure exist in the rms [⌬Z (500 mb)] field (not shown) and the Z (500 mb) time series (not shown). It is inferred from the similarity between the SLP and Z(500 mb) interdecadal variations that the interdecadal variation had an equivalent barotropic structure. The spatial structure of the SH circulation interdecadal variation in high latitudes indicated by the RMS(⌬SL P) pattern is not fictitious.
b. EOF analysis
An empirical orthogonal function (EOF) analysis of SL P was performed to depict the spatial structure of the interdecadal variation through the principal eigenvector whose eigencoefficient time series corresponds to the temporal evolution of the interdecadal variation mode identified in section 1a. Displayed in Fig. 2 
is the first eigenmode (C1 is the eigencoefficient and E1 is the N O T E S A N D C O R R E S P O N D E N C E
eigenvector) of SL P for the two solstice seasons. The most significant features are summarized below:
1) The first SL P eigenmodes for the southern winter and summer explain 61% and 55% of the total variance, respectively. 2) The C1(SL P) time series for both seasons (Figs. 2a  and 2c ) follow closely the corresponding SL P time series at site 1 (Figs. 1a and 2d ) in which they show a clearly decreasing trend of SL P. The changes in magnitude of C1(SL P) over the two decades are comparable to those of the SL P time series at this site. 3) Centers of the E1(SL P) (Figs. 2b and 2d) closely correspond to those of RMS(⌬SL P) (Figs. 1b and  2d) for the corresponding season. In winter (Fig. 2b) , the positive and negative centers of E1(SL P) manifest the deepening of the three high-latitude low centers and the strengthening of the ridges over New Zealand, Argentina, the Indian Ocean, and Antarctica. Clearly shown in the E1(SL P) structure is, in summer ( Fig. 2d) , the deepening of the high-latitude low centers in the South Pacific and Atlantic, and the strengthening of the Antarctic high and midlatitude SLP in the South Pacific and Atlantic. The three oceanic highs of the southern subtropics weakened along with the low centers in high latitudes.
The main features of the first SL P eigenmodes described above indicate that the interdecadal variations of the SH sea level pressure field in the two solstice seasons are well represented by these eigenmodes. Fleming et al. (1987) demonstrated that the NH circulation structures during the two solstice seasons usually persist into the ensuing transition seasons. It is of interest to explore whether seasonal persistence occurs in the interdecadal variations of the SH atmospheric circulation as well. Since HVL's analysis consisted of two periods in the transition season (early spring and the late spring and early summer), this persistence can be examined by comparing their results with those illustrated in Fig. 2 . Note that two of the major interdecadal variations in the SH circulation observed by VKM are 1) the intensification of a zonal wavenumber 3 pattern covering the high-middle latitudes, and 2) the deepening of the circumpolar trough and the strengthening of subtropical highs. These two VKM findings clearly stand out in the June-August E1(SL P) (Fig. 2b) . However, it is revealed from the contrast between this figure and the September-October ⌬SLP (the top panel of HVL's Fig. 8 ) that the interdecadal intensification in winter of the wavenumber 3 pattern still exists in spring, although this intensification expands somewhat equatorward and the amplification of winter subtropical highs almost disappears. HVL pointed out that the interdecadal SLP changes are opposite in the two periods: September-October and November-December. In essence, during the latter period the SLP is reduced in high latitudes and is increased in midlatitudes (the bottom panel of HVL's Fig. 8 ). As indicated by E1(SL P) (December-February, Fig. 2d ), the SLP interdecadal change observed by HVL in late spring and early summer (November-December) continues on through the summer, except that the meridional extent of the midlatitude SLP interdecadal increase is reduced compared to the November-December period.
According to previous studies (Chen et al. 1992; Deser and Blackmon 1993) , wintertime interdecadal variations over both the North Pacific-North America and the North Atlantic-northern Europe regions are characterized by an equivalent barotropic structure. HVL showed that this is also the case in September-October and November-December. We performed EOF analyses of the 700-, 500-, and 300-mb height fields for the two solstice seasons of the past two decades (not shown). Similar to the first eigenmodes of SL P in the two solstice seasons, the first eigenmodes of the Z anomalies at different levels explain 60%-70% of the total variance in these two seasons. The eigencoefficient time series of the first Z eigenmodes vary coherently with the C1(SL P) time series, and the spatial structure of the Z eigenmodes resembles that of E1(SL P). The equivalent barotropic nature of the interdecadal variations in the SH during the solstice season is evident from similarities between the corresponding first eigenmodes of SL P and the Z anomalies at different levels.
Interdecadal variation of cyclone activity
The variance of the 2.5-6-day bandpass filtered surface pressure and of the upper-level height fields was introduced by Blackmon et al. (1977) and later used by Physick (1981) and Trenberth (1991) as a means of depicting the major storm tracks in the winter NH and SH, respectively. The rms value of the 2.5-6-day filtered sea level pressure with the first-order Butterworth bandpass filter (Murakami 1979 ) over a season is defined as the cyclone activity index (CAI). The departure of CAI from its multiseasonal mean is denoted by ⌬CAI. There are two storm tracks in the SH during the winter (JuneAugust): a major track stretches along 60ЊS from the southern Atlantic to the southern Indian Ocean, and a minor track exists around 40ЊS from the southern Pacific to the southern Atlantic. The interdecadal variation of cyclone activity along the storm tracks may be portrayed using the rms values of the seven-solstice season running-mean ⌬CAI, RMS(⌬CÃ I), shown in Figs. 3b and 3d. The three major winter centers of RMS(⌬CÃ I) coincide with the three deepening low centers in winter (Fig. 2b) , and the two major summer centers of RMS(⌬CÃ I) appear over the two deepening low centers in summer (Fig. 2d) .
To explore further the relationship between the interdecadal variation of the SH cyclone activity and the interdecadal deepening of high-latitude low centers, time series of CAI and CÃ I at the RMS(⌬CÃ I) center southeast of Africa are displayed in Figs. 3a and 3c for the two solstice seasons. The cyclone activity was significantly enhanced in the past two decades, particularly in winter, coincident with the interdecadal deepening of the high-latitude low center. It was shown in Fig. 2 that the circumpolar low centers deepened coherently with each other over time. We performed an EOF analysis on CÃ I to examine the question of whether the interdecadal variation of cyclone activity over the (⌬CÃ I) centers could be synchronized with the interdecadal deepening of the low centers in high latitudes. The results are as follows:
1) The total variance of CÃ I explained by the first eigenmodes of the two solstice seasons is equal to or larger than 70%. (Figs. 3b and 3d ).
Based on these three salient features of the CÃ I EOF analysis, we conclude the following:
1) The interdecadal variation of the SH cyclone activity is well represented by the first eigenmode of CÃ I. 2) The interdecadal variation of cyclone activity over the RMS(⌬CÃ I) centers for each season are indeed synchronous.
3) The enhancement of cyclone activity over the RMS(⌬CÃ I) centers results from the interdecadal deepening of the high-latitude low centers.
Concluding remarks
Three issues concerning the interdecadal variation of the SH atmospheric circulation were raised from the studies of VKM (1993) and HVL (1994) : (a) the spatial structure and temporal evolution of the SH interdecadal variation mode in the solstice seasons, (b) the degree of seasonal persistence of the SH interdecadal variation mode, and (c) the relationship between these interdecadal variations and cyclone activity. Our major findings relating to these issues are summarized as follows:
1) The interdecadal variations of the SH atmospheric circulation during the two solstice seasons exhibit the latitudinal alternation of positive and negative anomalies. In the winters of 1972-92 the circumpolar trough deepened and the midlatitude and subtropical sea level pressure increased. In particular, there was deepening of the three high-latitude low centers and rising of the ridges over New Zealand, Argentina, Antarctica, and the southern Indian Ocean. For the corresponding summers, the interdecadal variation of SH circulation is characterized by three latitudinal anomaly zones: deepening of the circumpolar trough, particularly of the low centers southeast of Argentina and Africa; decrease of the subtropical sea level pressure; and increase of the midlatitude sea level pressure and the Antarctic high.
2) The analysis of the interdecadal variation of the SH atmospheric circulation in this study focused on the two solstice seasons (winter and summer). In contrast, HVL examined the interdecadal change of the SH atmospheric circulation between the 1970s and 1980s for two other periods: September-October and November-December. Integrating the results of the two studies, we found that the deepening of a winter zonal wavenumber 3 pattern covering the high-middle latitudes persists into early spring, while the highlatitude SLP decrease and midlatitude SLP increase emerge in late spring and early summer, and continue on through the summer. 3) The interdecadal deepening of the SH low centers in high latitudes during the two solstice seasons was associated with an enhancement of cyclone activity in the areas of these low centers.
Upper-level heights, particularly the 500-mb height, were analyzed in the same way as sea level pressure.
The dominant features of the sea level pressure interdecadal variation are found in the upper-level heights, showing that the interdecadal variation mode of the SH atmospheric circulation possesses an equivalent barotropic structure. 
